Proton pump inhibitors (PPI) have been associated with infectious complications in cirrhosis, but their impact on distal gut microbiota composition and function is unclear. We aimed to evaluate changes in stool microbiota composition and function in patients with cirrhosis and healthy controls after omeprazole therapy. Both 15 compensated cirrhotic patients and 15 age-matched controls underwent serum gastrin measurement, stool microbiota profiling with multitagged pyrosequencing, and urinary metabolic profiling with NMR spectroscopy to assess microbial cometabolites before/after a 14-day course of 40 mg/day omeprazole under constant diet conditions. Results before (pre) and after PPI were compared in both groups, compared with baseline by systems biology techniques. Adherence was Ͼ95% without changes in diet or MELD (model for end-stage liver disease) score during the study. Serum gastrin concentrations significantly increased after PPI in cirrhosis (pre 38.3 Ϯ 35.8 vs. 115.6 Ϯ 79.3 pg/ml P Ͻ 0.0001) and controls (pre 29.9 Ϯ 14.5 vs. 116.0 Ϯ 74.0 pg/ml, P ϭ 0.001). A significant microbiota change was seen in both controls and cirrhosis after omeprazole (QIIME P Ͻ 0.0001). Relative Streptococcaceae abundance, normally abundant in saliva, significantly increased postomeprazole in controls (1 vs. 5%) and cirrhosis (0 vs. 9%) and was correlated with serum gastrin levels (r ϭ 0.4, P ϭ 0.005). We found significantly reduced hippurate in cirrhosis vs. controls both pre-and postomeprazole and increased lactate in both groups post vs. preomeprazole, whereas dimethylamine (DMA) decreased in cirrhosis only. On correlation network analysis, significant changes in linkages of bacteria with metabolites (hippurate/DMA/lactate) were found postomeprazole, compared with pre-PPI in cirrhosis patients. In conclusion, omeprazole is associated with a microbiota shift and functional change in the distal gut in patients with compensated cirrhosis that could set the stage for bacterial overgrowth. gut barrier; infection; metabolomics; microbiome; proton pump inhibitor; gastrin IN CIRRHOSIS, ALTERATION in gut microbiota may predispose to several complications, such as hepatic encephalopathy, acute-onchronic liver failure and infections, such as spontaneous bacterial peritonitis (SBP), presumably through bacterial translocation and bacterial overgrowth (3, 8, 24) . Proton pump inhibitors (PPI), by reducing gastric acidity, have been implicated in small intestinal bacterial overgrowth and these infectious complications (6, 18, 28) . Most studies evaluating this association have found an indiscriminate use of these medications in patients with cirrhosis (7). The impact of these medications on the composition and functionality of distal gut microbiota in cirrhosis is not fully understood.
IN CIRRHOSIS, ALTERATION in gut microbiota may predispose to several complications, such as hepatic encephalopathy, acute-onchronic liver failure and infections, such as spontaneous bacterial peritonitis (SBP), presumably through bacterial translocation and bacterial overgrowth (3, 8, 24) . Proton pump inhibitors (PPI), by reducing gastric acidity, have been implicated in small intestinal bacterial overgrowth and these infectious complications (6, 18, 28) . Most studies evaluating this association have found an indiscriminate use of these medications in patients with cirrhosis (7) . The impact of these medications on the composition and functionality of distal gut microbiota in cirrhosis is not fully understood.
We hypothesized that PPI therapy can significantly change gut microbiota composition and function in patients with cirrhosis and healthy controls. The aim was to analyze systematically the stool microbiota composition and urinary metabolic profile in patients with compensated cirrhosis and healthy controls before and after a 2-wk course of omeprazole therapy.
MATERIALS AND METHODS
We recruited patients with cirrhosis (diagnosed with biopsy or evidence of portal hypertension in patients with chronic liver disease) without decompensation (Child A, based on Child-Turcotte-Pugh scoring system), who were not currently on PPI therapy. Patients who had Child B/C cirrhosis, unclear diagnosis of cirrhosis, or Helicobacter pylori positivity on serology, were already on PPI therapy, or were unable to give consent were excluded. We also included age-matched healthy controls without chronic disease who were also not already on PPI therapy. This protocol was approved by the McGuire VA Medical Center Institutional Review Board.
At the baseline visit, all subjects underwent a detailed 24-h food recall, blood was drawn for baseline gastrin (for all subjects) and model for end-stage liver disease (MELD) score (for patients with cirrhosis), fresh stool was collected for microbiota, and urine was collected for urinary nuclear magnetic resonance (NMR) metabolomics.
Subjects were given instructions regarding maintaining the dietary pattern and omeprazole 40 mg to be taken before breakfast every day for 14 days.
After 14 days, subjects were reevaluated and all procedures performed at baseline visit were repeated. Adherence was assessed by use of pill return, and adverse effects related to omeprazole were also investigated.
Sample Analysis
Gastrin. Gastrin concentrations were measured by radioimmunoassay at Quest Diagnostics (Chantilly, VA).
Microbiota. Stool was collected and DNA was extracted by published techniques (4). We first used Length Heterogeneity PCR (LH-PCR) fingerprinting of the 16S rRNA to rapidly survey our samples and standardize the community amplification. We then interrogated the microbial taxa associated using Multitag Pyrosequencing (MTPS) (11) . This technique allows the rapid sequencing of multiple samples at one time.
Microbiome community fingerprinting. About 10 ng of extracted DNA was amplified by PCR by use of a fluorescently labeled forward primer 27F [5=-(6FAM) AGAGTTTGATCCTGGCTCA G-3=] and unlabeled reverse primer 355R= (5=-GCTGCCTCCCGTAGGAGT-3=). Both primers are universal primers for bacteria. The LH-PCR products were diluted according to their intensity on agarose gel electrophoresis and mixed with ILS-600 size standards (Promega) and HiDi Formamide (Applied Biosystems, Foster City, CA). The diluted samples were then separated on a ABI 3130xl fluorescent capillary sequencer (Applied Biosystems) and processed with the GeneMapper software package (Applied Biosystems). Normalized peak areas were calculated via a custom PERL script and operational taxonomic units (OTUs) constituting less than 1% of the total community from each sample were eliminated from the analysis to remove the variable low-abundance components within the communities.
MTPS. Specifically, using MTPS (11) we have generated a set of 96 emulsion PCR fusion primers that contain the 454 emulsion PCR linkers on the 27F and 355R primers and a different eight-base "barcode" between the A adapter and 27F primer. Thus each fecal sample was amplified with unique bar-coded forward 16S rRNA primers, and then up to 96 samples were pooled and subjected to emulsion PCR and pyrosequenced by use of a GS-FLX pyrosequencer (Roche). Data from each pooled sample were "deconvoluted" by sorting the sequences into bins based on the barcodes by use of custom PERL scripts. Thus we were able to normalize each sample by the total number of reads from each barcode. We have noted that ligating tagged primers to PCR amplicons distorts the abundances of the communities, and thus it is critical to incorporate the tags during the original amplification step.
Microbiome community analysis. We identified the taxa present in each sample using the Bayesian analysis tool in Version 10 of the Ribosomal Database Project (RDP10). The abundances of the bacterial identifications were then normalized with a custom PERL script, and genera present at Ͼ1% of the community were tabulated. We chose this cutoff because of our a priori assumption that genera present in Ͻ1% of the community vary between individuals and have minimal contribution to the functionality of that community, and 2,000 reads per sample will only reliably identify community components that are greater than 1% in abundance.
Urinary NMR metabolic profiling. Urinary metabolic profiling was undertaken by NMR, since metabolites measured by NMR have been shown to provide information about the gut microbial-mammalian metabolic axis and the contribution of the gut microbiota to drug metabolism (10, 17) .
Urinary NMR spectra were acquired at 298 K from 400 l of urine, buffered to pH 7.4 with 200 l of phosphate buffer, by use of a JEOL ECP 500 MHz NMR spectrometer (JEOL, Tokyo, Japan). A standard pulse-collect sequence with water presaturation was used to acquire the NMR data (90°pulse length, relaxation delay 2 s, acquisition time 4.36 s, spectral width 15 ppm, 32 K data points, 64 data collects). Chemical shifts were referenced to added 3-trimethylsilyl-(2,2,3,3-2 H4)-1-propionate (TSP) at 0.00 pm.
Systems Biology Analysis
Analysis of microbiota. Quantitative Insights Into Microbial Ecology (QIIME) analysis was used to evaluate changes in overall microbial abundance before and after PPI, and principal component analysis (PCA) was performed before and after PPI to gauge microbiota clustering between groups (http://qiime.org/tutorials/tutorial.html). We also performed Metastats to evaluate changes in relative abundance between groups before and after PPI therapy with correction for the false discovery rate (FDR) (29) .
Analysis of urinary NMR spectra. NMR peaks were assigned using publically available databases (31) . The resonances assigned to residual water and urea (␦ 4.6 -6.4 ppm) were excluded from further analysis. Prior to multivariate analysis the NMR spectra were subdivided into smaller regions, some representing specific metabolites, by use of the Intelligent Bucketing algorithm within KnowItAll (KnowItAll v9.0, Bio-Rad, Philadelphia, PA), and the data were mean centered. PCA was used as an unsupervised method for data visualization. Univariate analysis was used to determine the significance of differences in specific metabolite levels, compared with the total spectral integral, between groups (IBM SPSS Statistics 21, IBM 2012). A Mann-Whitney U-test was used to compare the control and cirrhosis groups both pre-and postomeprazole. A Wilcoxon signed-rank test was used to compare individual subjects in the control group pre-and postomeprazole and also in the cirrhosis group pre-and postomeprazole.
Correlation network analysis. We created correlation networks using tools in the Galaxy Portal at the Microbiome Analysis Center and only included nodes consisting of microbiota and urinary NMR metabolites at baseline and post-PPI for controls and patients with cirrhosis separately (19) . The correlation differences between baseline and post-PPI networks were visualized in Cytoscape and then analyzed separately for controls and patients with cirrhosis (22) .
RESULTS
We enrolled 15 patients with cirrhosis and 15 age-matched healthy controls. The MELD score was 8.4 Ϯ 2.7 and the etiology of cirrhosis was predominantly hepatitis C (n ϭ 8), alcohol (n ϭ 2) and hepatitis C ϩ alcohol (n ϭ 5). All subjects were negative for H. pylori on serology.
Subjects returned 14 Ϯ 3 days later with Ͼ95% adherence on omeprazole intake documented by pill bottle return. No adverse events, including infections, occurred during the study period. There was no significant change in daily caloric intake in the control group (2,354 vs. 2,431 kcal/day, P ϭ 0.4) or patients with cirrhosis (2,214 vs. 2,245 kcal/day, P ϭ 0.6, Table 1 ) over the study period. The MELD score in patients with cirrhosis remained stable (8.4 vs. 8.0, P ϭ 0.5) and no complications of cirrhosis occurred during the study. None of the comparisons were statistically significant.
Gastrin Results
There was a significant increase in serum gastrin after omeprazole compared with baseline in patients with cirrhosis (values expressed as means Ϯ SD; pre 38.3 Ϯ 35.8 vs. 115.6 Ϯ 79.3 pg/ml P Ͻ 0.0001) and controls (pre 29.9 Ϯ 14.5 vs. 116.0 Ϯ 74.0 pg/ml, P ϭ 0.001) using paired t-tests. However, there was no significant difference in gastrin concentrations when controls were compared with patients with cirrhosis, either at baseline (P ϭ 0.43) or after omeprazole (P ϭ 0.98) by use of unpaired t-tests.
Urinary NMR Metabolic Profiling Results
Urine samples were archived from 15 control subjects and 14 patients with cirrhosis, since one NMR data set, in a subject with cirrhosis before omeprazole, was of inadequate quality to be included for further analysis. All the NMR spectra were normalized to the total spectral integral in the range ␦ ϭ 0.2-10 ppm, excluding the water, urea, glucose, acetaminophen, and ethanol regions, since these resonances complicated interpretation of the metabolites of interest. PCA plots from controls (n ϭ 15) vs. cirrhosis (n ϭ 14) showed separate clustering of controls and patients with cirrhosis, both preomeprazole and postomeprazole (Fig. 1) . Metabolites that were found to be different on NMR (relative signal level in a metabolite region compared with total NMR signal levels with confounding regions excluded) were hippurate, dimethylamine (DMA), and lactate. Relative hippurate levels were significantly reduced in patients with cirrhosis, compared with controls both at baseline (P ϭ 0.007) and postomeprazole (P ϭ 0.003). Considering metabolite changes on an individual basis, lactate levels were increased in both controls (P ϭ 0.001) and patients with cirrhosis (P ϭ 0.034), postomeprazole compared with pre-PPI values. Additionally there was a significant reduction in DMA levels in individuals in the cirrhosis group post-PPI compared with their baseline state (P ϭ 0.034)
Microbiota Results
The QIIME analysis indicated that there was a significant change in the overall microbiota composition after PPI therapy using the weighted UNIFRAC significant test in controls as well as in patients with cirrhosis (P Ͻ 0.0001).
The PCA analysis indicated that the pre-PPI patients with cirrhosis were clustered together compared with a significant change after PPI therapy ( Fig. 2A) . However, the change in controls was not pronounced in PCA (Fig. 2B) .
The Metastats analysis indicated a significant increase in the relative abundance of Streptococcaceae after PPI therapy, compared with baseline in both patients with cirrhosis (baseline 0.0 vs. 8.9%, P ϭ 0.0008, FDR ϭ 0.008) and controls (baseline 0.2 vs. 5.7%, P ϭ 0.0009, FDR ϭ 0.007). The relative change in Streptococcaceae after PPI was statistically similar between the two groups (P ϭ 0.16). In addition, there was a reduction of autochthonous bacterial abundance in patients with cirrhosis (pre-PPI Lachnospiraceae 13.9 vs. 9.9%, P ϭ 0.04, FDR ϭ 0.26, pre-PPI Ruminococcaceae 6.2 vs. 3.7%, P ϭ 0.02, FDR ϭ 0.12).
There was no significant change in median relative abundances of other major families in patients with cirrhosis before/ after omeprazole (Bacteroidaceae 14 vs. 9.9%, P ϭ 0.59; Enterobacteriaceae 0 vs. 0%, P ϭ 0.85; Clostridiales incertae sedis XIV 4.8 vs. 3.8%, P ϭ 0.29; Peptostreptococcaceae 0 vs. 0%, P ϭ 0.23; Porphyromonadaceae 17.9 vs. 18.4%, P ϭ 0.87; Prevotellaceae 0 vs. 0%, P ϭ 0.76; Veillonellaceae 0 vs. 1%, P ϭ 0.84; and Rikenellaceae 0 vs. 0%, P ϭ 0.68). Similarly, no significant change in other major bacterial taxa was found in controls before/after omeprazole (Bacteroidaceae 22.3 vs. 11.1%, P ϭ 0.08; Enterobacteriaceae 0 vs. 0%, P ϭ 0.92; Clostridiales incertae sedis XIV 8.1 vs. 7.8%, P ϭ 0.81; Lachnospiraceae 19.2 vs. 23.7%, P ϭ 0.88; Ruminococcaceae 7.6 vs. 8.9%, P ϭ 0.17; Peptostreptococcaceae 0 vs. 0%, P ϭ 0.23; Porphyromonadaceae 1.9 vs. 1.4%, P ϭ 0.22; Prevotellaceae 0 vs. 0%, P ϭ 0.88; Veillonellaceae 0 vs. 0%, P ϭ 0.23; and Rikenellaceae 1.5 vs. 2.3%, P ϭ 0.88).
There was a significant positive correlation between serum gastrin and Streptococcaceae (r ϭ 0.4, P ϭ 0.005) but not with other taxa.
Correlation Network Difference Analysis
In patients with cirrhosis (Fig. 3A) , there was a significant change between Bacteroidaceae and the metabolites DMA, lactate, and hippurate, which were positive before omeprazole but became negatively correlated afterward. After omeprazole, Bacteroidaceae also changed from positive to negative correlation with several unnamed metabolites linking it to autochthonous taxa (Lachnospiraceae and Clostridiales incertae sedis XIV) and Rikenellaceae. Hippurate remained negatively correlated with alanine whereas Streptococcaceae changed their linkage from positive to negative with Peptostreptococcacae.
In the control group (Fig. 3B) , no significant changes in correlations were seen. The correlations between several unnamed metabolites and urinary lactate, hippurate, citrate, DMA, and alanine remained negative before and after omeprazole. The only significant change between urinary metabolites and microbiota was that the hippurate linkage changed from positive to negative with Coriobacteriaceae.
DISCUSSION
The present study shows that a 14-day course of 40 mg/day of omeprazole is associated with a significant shift in gut microbiota composition and function in patients with cirrhosis as well as healthy controls. The use of PPIs has been exponentially increasing in the general population and in patients with cirrhosis (7) . The use of PPIs is being increasingly associated with potentially life-threatening infections, such as SBP and Clostridium difficile, both of which are infections with a distal gut origin (6, 7, 12, 18, 24) . These infections are potentially life threatening despite treatment, and therefore the impact of PPI therapy on distal gut microbiota composition and function is important to analyze to delineate future preventive measures (5, 24). The significant increase in the relative abundance of Streptococaceae after omeprazole in both controls and patients with cirrhosis is intriguing. Streptococci are associated with pneumonia in the setting of PPI use because of their presumed overgrowth in the upper gut (13) . There is a high abundance of Streptococcacae in the oral cavity and throat that should normally be destroyed by intact gastric acid (9, 20) . Corroborating this potential mechanism is the correlation between Streptococcaceae abundance and serum gastrin in our population. The relationship with serum gastrin is important because with reduced luminal acid after PPI the somatostatin-associated inhibition of gastrin is decreased. As shown previously and in the present study, PPIs induce a two-to fourfold increase in serum gastrin, which acts as a corollary to acid suppression and reconfirms adherence on the drug (16) . Although studies of omeprazole therapy in patients without cirrhosis have shown a significant change in microbiota after PPI in the gastric fluid and esophageal mucosa and dysbiosis in rodent studies in the small bowel, our findings extend it to the distal gut, which is a key location for initiation of cirrhosis-associated complications (1, 28) . Although Streptococcaceae is not a predominant family that is associated with SBP or spontaneous bacteremia, the striking increase in its relative abundance points toward a potential failure of quorum-sensing mechanisms that would usually keep it in check after the gastric acid barrier is decreased by omeprazole. Given the relatively early stage of cirrhosis, the short therapy duration, and the focus on the entire microbiota rather than specific species, we did not find significantly increased abundances of traditional gram-negative pathogens or C. difficile in our population.
As noted in several studies, the microbiota functionality, and not just altered composition, is critically important in influencing the course in cirrhosis. We found that the change in microbiota composition after omeprazole was also accompanied by increased lactate in both controls and cirrhotic patients and reduced DMA in patients with cirrhosis. Hippurate levels were reduced in the cirrhosis group compared with controls, both at baseline and also post-PPI. Hippurate is an intriguing molecule that is a culmination of human and bacterial metabolism of dietary polyphenols (30) . Gut microbiota convert these polyphenols to benzoic acid that is in turn converted to hippurate after glycine conjugation in the human liver and kidney. DMA can be a product of gut bacterial metabolism of dietary choline, although it can also originate from the N-methylation of methylamines or from the breakdown of creatine (14) . Since the diet and liver function were stable in each subject during the study, it is likely that the changes in both hippurate and DMA were due to altered microbiota function after omeprazole. Interestingly, there was also a significant increase in lactate levels after omeprazole treatment, which could be related to the relative increase in Streptococcaceae that can produce lactate through fermentation (26) . This is consistent with a prior study of distal microbiota change after acid suppression in rodents, which demonstrated an overgrowth of lactate-producing bacteria (15) . Although the significance of this finding is unclear, lactate production is also a mode for certain taxa to inhibit growth of potentially harmful microbiota (25) . These functional changes were correlated with microbiota composition. Correlations between Bacteroidaceae and DMA, lactate, and hippurate dramatically shifted from being positive at baseline to a negative linkage after omepra-zole in patients with cirrhosis. Although it is not clear whether Bacteroidaceae itself was responsible for the reduction, since its relative abundance did not change, it is likely that the metabolic behavior of this taxon could have been affected. Linkages between Streptococcaceae and Peptostreptococcaceae and Bacteroidaceae were also significantly changed after omeprazole in the cirrhosis group. Autochthonous bacterial taxa are associated with a higher urinary DMA in patients without cirrhosis, and the reduced Lachnospiraceae and Ruminococcaceae with reduced DMA in our population extends this on to cirrhosis (23) . In a prior longitudinal study in patients with more advanced cirrhosis, a decrease in choline conversion to DMA was seen in patients with worse outcomes with a reduction in autochthonous gut microbiota (2) . Therefore, our results indicate that acid suppression can impact even the distal gut microbiota composition and function within a short duration. The exponential increase in Streptococcaceae abundance over this short duration indicates that further gut ecosystem changes impacting bacterial translocation could occur in patients with more advanced cirrhosis in whom typically PPI therapy is given for several months. The omeprazole dose used is associated with adequate acid suppression and indeed resulted in significantly higher serum gastrin levels compared with predrug values (http://www.accessdata.fda.gov/ drugsatfda_docs/label/2008/022056s001019810s087lbl.pdf). We used a 14-day drug period since short course are not associated with potential rebound acid hypersecretion in subjects who do not otherwise require this medication (21, 27) . To avoid confounding effects due to antibiotics, treatments for hepatic encephalopathy, and advanced liver disease on microbiota itself, we only studied patients with compensated cirrhosis. Additionally, in a prior cross-sectional study including patients with advanced cirrhosis, there was no significant change in those on PPI compared with the rest, probably because of the severe inherent dysbiosis (3). However, longitudinal studies in patients with advanced cirrhosis on PPI are required but will probably be difficult to implement since a large majority are already on PPI for unclear reasons or have confounders related to medications that can affect the microbiota independently. We also relied on stool results, which may be different from mucosal microbiota analyses (4). The results show that patients with cirrhosis and healthy controls can have changes in microbiota due to PPI as a proof of concept; further studies are needed to link these changes definitively to infectious and other complications in patients with cirrhosis. PPIs are effective medications for the recommended indications and for prescribed durations (http://www.accessdata.fda.gov/drugsatfda_ docs/label/2008/022056s001019810s087lbl.pdf). However, given their potential to change the gut microbiota function and composition as far as the distal gut and their association with infectious complications in cirrhosis, their indiscriminate use should be discouraged.
We conclude that a short course of omeprazole therapy in healthy controls and compensated cirrhotic patients can significantly shift the urinary NMR metabolic profile and also the stool microbiota function and composition, which are linked to the gastric acid suppression and overgrowth of bacteria normally present in the oral cavity. Further studies to link these changes with complications of cirrhosis are required.
